Spectroscopic methods with high spatial resolution are essential to understand the physical and chemical properties of nanoscale materials including biological and chemical materials. Tip-enhanced Raman spectroscopy (TERS) is a combination of surface-enhanced Raman spectroscopy (SERS) and scanning probe microscopy (SPM), which can provide high-resolution topographic and spectral information simultaneously below the diffraction limit of light. Even examples of sub-nanometer resolution have been demonstrated. This review intends to give an introduction to TERS, focusing on its basic principle and the experimental setup, the strengths followed by recent applications, developments, and perspectives in this field.
INTRODUCTION
R aman spectroscopy is an optical spectroscopy technique used in a broad range of the electromagnetic (EM) spectrum. [1] [2] [3] [4] [5] [6] [7] However, the diffraction-limited spatial resolution and the small Raman scattering cross section (10 À29 to 10 À30 cm 2 ) are two obstacles of this method to use it in nanomaterial detection. In 1974, Fleischmann et al. 8 observed an increase in the Raman signal intensity of pyridine deposited on roughened silver electrodes. They argued that the increased Raman signal is simply a matter of the number of molecules that were scattering on the surface. In 1977, Jeanmaire and Van Duyne 9 and Albrecht and Creighton 10 independently showed that the concentration of scattering species could not account for the enhanced signal and reasoned that it must be caused by an increase in the Raman scattering itself. This effect was termed as surface-enhanced Raman scattering (SERS) 11 and has been since observed strongly for molecules adsorbed on metals such as silver, gold, and copper and, far more weakly, on lithium, sodium, potassium, aluminum, platinum, and rhodium (for more detail see Moskovits 12 and references therein). Regarding the sensitivity, single-molecule SERS was demonstrated by several groups and is well accepted today. [13] [14] [15] However, there is one challenge when using SERS: To exploit the effect, a minimum roughness is required that renders, even for nano-or microstructured substrates, reproducible qualitative experiments very difficult, if not intrinsi-cally impossible. One way to solve this issue and at the same time obtain also an extremely high spatial resolution, tip-enhanced Raman spectroscopy (TERS) was introduced. [16] [17] [18] [19] Tip-enhanced Raman spectroscopy is a combination of Raman spectroscopy with scanning probe microscopy (SPM), such as atomic force microscopy (AFM), [16] [17] [18] [20] [21] [22] scanning-tunneling microscopy (STM), 19, [23] [24] [25] [26] [27] [28] [29] [30] or shearforce microscopy (SFM, with tuning forks). 16, [31] [32] [33] [34] It uses solid metal or metal-coated tips for localized nanoscale enhancement of the Raman signals from a sample placed under the tip. The small radius of the tip keeps the enhancement of the electric field localized around the tip apex and results in a predicted spatial resolution of around 10-20 nm. 35 Recently, even results demonstrating single-molecule mapping were published with a spatial resolution of 0.5 nm, 36 confirming and supporting previous results indicating a resolution in the singlenanometer regime. 21, [37] [38] [39] The theoretical concept of TERS was first proposed in 1985 by Wessel, 40 who suggested that an electric field can be enhanced by the presence of single metal nanostructures, resulting in an enhanced Raman signal. If such a metal nanostructure could be scanned in a controlled fashion over the sample, as in the case of STM, a topography image and Raman information of a sample can be obtained simultaneously.
Similarly to Wessel's idea, Sto¨ckle et al. 16 in 2000 used an AFM linked to an inverted microscope. C 60 molecules were studied using an electrochemically etched gold wire attached to a tuning fork ( Fig. 1 ) as well as brilliant cresyl blue (BCB) molecules using silver-coated AFM tips. The SPM tip was placed over the sample (C 60 /BCB) and illuminated through the sample support from below.
When the tip approached the sample, enhancements were reported with both the AFM tip as well as the tuning fork. Simultaneously, Hayazawa et al. 18 and Anderson 17 also developed TERS systems, demonstrating the potential of the technique. The main restriction of these experimental setups was that it could be applied only to transparent samples.
Another approach based on illuminating the tipsample interface from the side was developed by Anderson and Gaimari. 41 Laser light is incident on the sample through a long working distance objective placed at a certain angle with respect to the tip. 26, 38, [41] [42] [43] [44] [45] Similar to the bottom-illumination optics, excitation of the surface plasmons of the metal-coated tip enhances the incident electric field in the tip vicinity. This method also applies to opaque materials. 46, 47 Details regarding the different TERS configurations will be addressed later.
Pettinger et al. developed TERS by combining an STM with a Raman spectrometer using both bottom and side illumination. 19, [48] [49] [50] In comparison to AFM, STM provides better distance control between tip and sample. The coupling effect between the two metal surfaces further results in a stronger localization (smaller than the tip radius) and higher enhancement of the electric field under the tip. This is due to the so-called gapmode effect that is also applicable in AFM-based TERS experiments. 24, [51] [52] [53] The main limitation of STM is the restriction to conductive or very thin samples on conducting surfaces. In a recent STM-TERS study with benzenethiol immobilized on ultra-flat gold plates, it was also shown that the TERS signal depends on the bias voltage applied between tip and conductive sample; depending on the specific question, this either provides an additional parameter for instrumental control or a caveat with an expectation of comparison with standard Raman experiments. 54, 55 The need for accurate tip-sample distance control and sample scanning determines the specifications of the SPM, which can be demanding depending on the specific applications, as it will be outlined in this paper. So far, only STM and AFM-based techniques provide the required tip-sample distance control of a few nanometers. As mentioned, STM is limited to conductive samples, whereas AFM is highly effective for studying non-conductive samples and more generally applicable. Therefore, AFM or shear-force modes are currently more commonly used in TERS experiments.
Since its development in 2000, TERS has emerged as an approach to obtain sensitive chemical surface information on the nanometer scale. Excitation of the localized surface plasmon resonance (LSPR) of a silver or gold tip under illumination leads to field localization on the order of some nanometers, 56, 57 and correspondingly up to a Raman signal enhancement that allows for single-molecule sensitivity. 43, 58 In summary, the strong enhancement and localized topographic information allow TERS to overcome the diffraction-limited spatial resolution and low sensitivity of normal Raman spectroscopy. It is noteworthy that the obtained enhancement strongly depends on the polarization of the incident radiation and the geometry of the tip. 56, 59, 60 This can be understood as the tip acts as a near-field antenna. As for radio waves also in the visible region, polarization sensitivity is pronounced. 61, 62 Also, the changing of selection rules, in particular due to field gradient effects, are important aspects of discussion. 60, [63] [64] [65] As shown by Fang et al., infrared (IR) vibrational modes not observed in standard Raman can become active under STM-high vacuum (HV)-TERS conditions. 65 That means, in TERS experiments, IR-and Raman-active vibrational modes might be observed simultaneously. Consequently, a careful spectral analysis has to be performed, and more importantly, a theory that considers all aspects of TERS still has to be developed. Regarding the field gradient effect, Meng et al. found in calculations that a horizontal field gradient effect might be also a possible reason for the high resolution in TERS experiments. 66 Currently, many groups are working on approaches to explain the high resolution, both experimentally and theoretically; it will be interesting to see how this can be finally explained.
In the past, TERS was already used to investigate a large range of samples. Without claiming to cover every subject, Table I shows a selection of TERS experiments on different materials studied with nanometer resolution.
BASICS OF TIP-ENHANCED RAMAN SPECTROSCOPY
The basic experimental concept in a TERS experiment is to focus the laser beam onto a metal tip with the light polarized along the tip axis and to collect the surfaceenhanced Raman scattered light from the sample in the enhancement zone of the tip. A schematic diagram of the bottom illumination-collection TERS principle is given in Fig. 2 . Tip-enhanced Raman spectroscopy works by scanning a metal nanoparticle or metalized tip (diameter of apex~10-20 nm) in a controlled fashion using a scanning probe microscope across the sample. During the illumination, the AFM or STM feedback is generally maintained to avoid any mechanical deformation of the sample or tip damage. As the area around the tip apex is also irradiated with laser light, and consequently results in ''normal'' unenhanced Raman scattering, care must be taken to distinguish the near-field from the far-field signal.
In conclusion, a nanolight source is created by amplifying the incident EM field (EMF) and confining it to the tip with TERS. This local EF is largely responsible for the TERS enhancement. With this ''nanotorch'', TERS enables the observation of the spectral response from nanoscopic structures or structural changes with an optical resolution beyond the diffraction limit.
Tip-Enhanced Raman Spectroscopy (TERS) Enhancement and Contrast. The large enhancement of the Raman signal of a single metal probe used in TERS can be explained by the combination of two different mechanisms: the EM mechanism and a chemical effect (CE). If metallic nanoparticles are considered as antennae and they are excited at their plasmon resonance frequency, highly confined enhanced EMFs are observed, which are referred to as the EM effect. [146] [147] [148] The field enhancement at the apex of a sharp metal tip can be described in the same way as for SERS. In both cases, electrons move up and down collectively along the tip axis with the same frequency as the exciting field polarized along the tip axis. Because of the small surface area near the tip apex, a uniform displacement of the electron cloud toward the tip gives rise to a huge surface charge accumulation at the tip end. These charges generate a secondary field, which a sample in close proximity to the tip ''perceives'' as an enhanced field.
According to several estimations, the EM effect can be responsible for an enhancement of up to 10 10 . 149 The CE is a short-range effect and applies only to the first layer of adsorbates. It also can be understood as a charge transfer effect that affects the spectral appearance (the EM mechanism mainly enhances the spectrum). Consequently, the CE mechanism corresponds to changes in the polarizability of the molecule because of a potential charge transfer between metal and adsorbed molecule or any other interaction between metal particle and molecule. 150 Due to the interaction of metal, light, and a molecule, there are a variety of interaction pathways in the CE mechanism which renders it very complex. [151] [152] [153] Experimental evidence for the CE exists for TERS experiments on nucleobases and C 60 . 106, 154 The CE is estimated to provide enhancement values between 10 and 10 3 . 153, 155 The local EMF enhancement is generally understood as the main contribution to the enhancement. In TERS, as in the common SERS, this depends on the excitation of LSPRs at the tip-substrate system when illuminated. The enhancement factor of the EMF can be calculated by Eqs. 1 and 2 23,156-158
where V far and V near represent the far-field volume illuminated at the focus and near-field volume on the tip apex, and C is the contrast (also observed enhancement or optical contrast) that can be defined as
where I near indicates the intensity of the Raman signal below the tip apex (in the near field), I far is the far-field Raman signal when the tip is withdrawn and in TERS experiments, and I total the detected signal. The enhancement depends on many factors, such as the size and shape of the tip, the tip material and substrate, as well as the distance between the tip and substrate. Figure 3 shows calculated enhancements for a gold tip over a gold substrate. 56 Other theoretical simulations and experiments also show the decay in Raman signal as the tip-sample distance increases. 74, 88, 143, 159, 160 Key Components in Tip-Enhanced Raman Spectroscopy (TERS). Illumination and Collection Geometry. Different types of samples can be studied by TERS using an appropriate optical geometry. There are four different main types of illumination-collection techniques that have been used until now. They are based on illumination from bottom, side, top, and by a parabolic mirror. The schematic diagrams of these four different configurations are shown in Fig. 4 .
Bottom Illumination-Collection. In this configuration, an SPM tip is placed on top of an inverted optical microscope. The excitation laser illuminates the tip in transmission from below through a high numerical aperture (NA) objective (1.4 to 1.6), and the signal is collected through the same objective to collect a maximum amount of Raman signal from the sample. 16, 18 The tip rests on top of the sample and interacts with the focused laser beam. Figure 4a shows the schematic diagram of the bottom illumination-collection. Often glass substrates and mica are used as a sample support. As already mentioned, the main drawback of the bottom illumination is the limitation to transparent samples. Probably the most striking argument for using bottom illumination TERS is the high light collection efficiency given by the high NA objectives used. Consequently, very short acquisition times can be achieved for a good signal-to-noise ratio (SNR).
Side Illumination-Collection. Here, the incident light is focused through a long working distance objective located at the side of the SPM scanning head and is focused on the tip apex ( Fig. 4b ). Compared to the previous system, only objectives with lower NA (~0.6) can be used. The not-so-tightly focused laser obliquely incidents on the specimen surface and illuminates a relatively large elliptical area. The increased illuminated area leads to stronger far-field background contribution. Therefore, the side-illumination reflection-mode TERS suffers from the lower SNR and signal collection efficiency. Clearly, there is virtually no limitation in the choice of sample support, and opaque samples can be investigated. 17, 44, 59, 160, 161 Collection of the light from the sample can be accomplished with the same side objective or with the high-resolution objective from the top.
Top Illumination-Collection. The top illuminationcollection configuration is the second option to work on non-transparent samples (Fig. 4c ). It combines advantages of side and bottom illumination. It allows one to work on both opaque as well as transparent samples. The introduction of the tip between the sample and the objective again requires a long working distance objective with relatively low NA. [162] [163] [164] In this orientation, the main drawback here, the tip is located between the objective and the laser focus. Depending on the position and size, the tip will block a certain amount of light during excitation as well as in the signal detection. To minimize this, again, the NA of the focusing element is the key to see around the tip and also collect the signal as efficiently as possible. Two different focusing elements have been used for this purpose: the parabolic mirror and microscope objectives.
Illumination-Collection Based on Parabolic Mirror. The high NA objective used in TERS is limited to collecting a small part of Raman signal generated on the sample. 23, 31, 32 To overcome this problem, the objective with high NA is replaced by a parabolic mirror, which allows essentially the collection of the scattered light from all directions. The schematic diagram of the parabolic mirror setup is shown in Fig. 4d . A parabolic mirror only produces the sharp focus if the light beam is aligned perfectly parallel with its optical axis. The best enhancements are achieved with radially polarized light instead of p-polarized light. The parabolic mirror-based TERS setup works in reflection mode, so it is capable of detecting both transparent as well as opaque samples. Compared to the other systems capable of investigating opaque samples, this system has the best collection efficiency, and due to the use of mirrors, no spectral aberrations occur, rendering this system a very versatile and efficient tool.
Scanning Probe Microscopy (SPM) Feedback Issues Related to Tip-Enhanced Raman Spectroscopy (TERS). In TERS, three SPM methods, AFM, STM, and shear-force-based feedback, have mainly been employed. Because the controlled and reproducible tipsample gap is a crucial requirement in TERS and the different feedback mechanisms relate to somewhat specific technical features and potential applications, the SPM methods will be addressed and discussed in this section. By developing first the STM in 1982 and the AFM in 1986, Binnig and Rohrer 165 and Binnig et al. 166 introduced a novel way for surface analysis. Shortly after STM was reported, AFM followed, which extended the applicability extensively.
Cantilever-Based Atomic Force Microscopy (AFM). The atomic force microscope relies on measuring the bending forces of a beam that holds the actual tip. Most commonly, this is achieved by detecting the changed reflection of a laser beam, induced by forces once the cantilever senses a tip-sample interaction (contact mode), 106 or a change in resonance frequency of an induced tip oscillation due to the proximity of the sample (semi-contact mode, intermittent mode, tapping mode). 111, 129 In all cases, these forces are related to typical atomic or molecular interactions, ranging from van der Waals forces to repulsive electrostatic interactions, e.g., if the tip is pushed towards the surface. The main advantage of the cantilever-based AFM feedback modes is that almost no special sample requirements exist. The system works on virtually any surface with a roughness up to several microns, and one is even able to study the pressure-induced changes by pushing the tips deliberately into the surface. 106 Also, TERS experiments in liquids were performed. 167, 168 In order to automatically distinguish the near-field contribution from the far-field background, Yu et al. synchronized a detector with the tapping oscillation of the nanotip, resulting ideally in far-field-free spectra. 37 In TERS, also AFM contact mode has been used successfully; however, special care must be taken to avoid damage of the metal (coated) tip. The tapping mode feedback is more appropriate for sticky biological samples, such as lipids, proteins, etc. However, the duty cycle due to the oscillation is a major concern. If the tip oscillation amplitudes are big, the tip is only for a fraction of the time in the actual near-field region (see Fig. 3 ). Consequently, the challenge is to perform the TERS experiments at the lowest possible amplitudes, while still maintaining a stable feedback.
Scanning-Tunneling Microscopy (STM). In STM, as mentioned briefly, a conductive tip is kept in electron tunneling distance from the surface. For tunneling, both tip and sample surface need to be conductive; thus, mostly metals are used as substrates as well as for the tips. The tunneling distance between the tip and sample is usually considered to be in the region of 1 nm or less. Hence, the disadvantage of the STM approach is the limitation to either conductive samples or molecular monolayers and other very thin samples. 26, 36, 133 The main advantages of the STM feedback are highest spatial resolution, the best tip-distance control, and easy tip preparation (most often by electrochemical etching). 16, 169, 170 Also, by changing tip bias, the STM can investigate further parameters that are specifically of interest in electrochemistry.
Shear-Force Mode Probe Microscopy. In a shearforce microscope, a metal tip or a tip with a metal nanoparticle attached to its apex is glued to a quartz tuning fork. Upon excitation, this system vibrates almost exactly at the resonance frequency of the free tuning fork. When this oscillating system is brought in close proximity of the surface by damping of the free oscillation, similar to tapping mode AFM, a detuning of the resonance is used as a feedback signal. 16, [31] [32] [33] [34] The major difference is the oscillation direction of the tuning fork laterally to the sample surface, which keeps the distance more or less constant and avoids the duty cycle issue mentioned previously. The main advantages are the easy tip preparation, convenience to be combined with both an inverted and upright microscope. A drawback is the intrinsically lower lateral resolution and the availability of commercial probes.
Tip Preparation. Number one on the wish list of every TERS researcher is the ideal tip. Such a tip would have well-known and reproducible properties, can be used for a long time that is, of course, easy and cheap in preparation. The tip can be considered as the heart of a TERS experiment since the enhancement and the SNR depend mostly on the tip. Regrettably, until now, no recipes for this ideal TERS tip exist, even though many approaches for fabrication or preparation were published, and even commercial TERS tips are available. The tip preparation methods range from metal coating of commercially available cantilever AFM tips ( Fig.  5a ), 18, 90 chemical treatment of AFM cantilever tips (Fig.  5b) , 171 angle-cutting the metal wire, 44, 172 lamella-assisted DC techniques (Fig. 5c ), 173 direct electrophoretic attachment of nanoparticles (Fig. 5d ), 174 and electrochemical etching of metal wires (Fig. 5e ). 16, 169, 170 With the last four methods, the fabrication of sharp pure metal tips with certain apex sizes is now a relatively reproducible process. The fabrication of metal-coated AFM tips is often based on commercial Si or Si 3 N 4 AFM tips usually coated by a vapor deposition method. The most suitable metal materials for tips are silver and gold, which are proven theoretically and experimentally for TERS systems. They both can provide the most effective tip enhancement under visible light illumination (532, 633, and 785 nm, respectively). Silver is capable of providing stronger enhancement, but the tips are rapidly oxidized in air. Hence, they need to be protected or used in a timely way. On the other hand, Au tips have the advantage of being chemically stable. Recently, Umakoshi et al. used a photoreduction technique to fabricate TERS-AFM tips coated by silver nanoparticles (Fig. 5f ). 175 They demonstrated that the tip prepared by the photoreduction technique showed about an order of magnitude higher enhancement of Raman signal compared to a tip that was fully coated with silver via vacuum vapor deposition. However, in spite of mentioned caveats, many methods exist to produce well-working tips, each having its benefits but also its drawbacks.
Substrates. When STM feedback is required, for some reason, the requirements for the sample substrates are not specific. Mostly, one can use substrates that fit the requirement of the sample of interest. Glass, 129 mica, 121 silicon, or other commonly used flat materials can all be used as substrates in the TERS system based on AFM or SFM. Only if an illumination and detection from the bottom is desired, the substrate has to be also transparent, but since even gold and silver single crystals can be made so thin that they are still transparent, this is not a real restriction. In the STMbased TERS system, ideally a metal single crystal 52, 139 or a metal (coated) surface is used. 58, 176 Also, template stripped metal substrates (e.g., gold) were used. 133 
EXPERIMENTAL SETUP
As mentioned already, a TERS setup consists of a SPM, an illumination-collection configuration, and a Raman spectrometer. A schematic diagram of a bottom or epi-illumination-collection TERS setup used in our group is shown in Fig. 6 .
The setup is based on an inverted microscope (Olympus IX71) equipped with a x,y piezo-stage (Physik Instrumente P-733.2DD; 30 3 30 lm 2 ) to raster scan a transparent sample. Mostly, the setup is used for investigation of small amounts of biomaterial or low concentrated organic materials, which means transparent samples. For excitation of the sample and the tip, we usually use a laser with 532 nm wavelength. The illumination wavelength is chosen to match the plasmon resonance of the tip. The laser beam is focused by an oil immersion objective (e.g., 1.45 NA Olympus 603 PlanApo Oil) on the sample surface. A silver-coated AFM tip is positioned in the focus of the beam and maintained above the sample surface by using the AFM tip scan (JPK Nanowizard III). The Raman signal is collected by the same objective, transmitted by a dichroic mirror and filtered using a filter to remove the Rayleigh scattered light. The Raman spectra are recorded using a single stage spectrograph (Acton Advanced SP2750A) equipped with a charge-coupled device (CCD; Pixis 400, Princeton Instruments).
HOW TO PERFORM A TIP-ENHANCED RAMAN SPECTROSCOPY (TERS) MEASUREMENT
In general, TERS experiments are easy to understand and to perform but require some experience. The development of reliable, precise SPM instruments renders the experiments much easier than a decade ago. Nevertheless, some points have to be considered in order to see first light. A detailed workflow for a measurement is sketched in Fig. 7 .
One point that is not crucial, but helpful for sure, is to know the sample topography. This will provide an idea of where to measure in the TERS experiment and where to start optimizing feedback settings for best results without sacrificing the precious tips too early.
After that, great care has to be taken for laser alignment, which is crucial because one might want a defined polarization for the measurement. With the coarse alignment, the sample and tip are brought together approximately in the center of the field of view of the objective. This step is followed by scanning the tip through the laser focus (referred as to tip scanning). Alternatively, some systems can scan the laser focus over the tip, which has some advantages, as tip crashes are avoided during that stage. In any case, the reflected optical signal is detected by a photodiode and fed back to the photoconductive AFM (PC-AFM) in order to place the tip on the desired spot (preferably the spot with highest enhancement). After that, the tip is fixed with respect to the laser focus (referred as to sample scanner). It is also possible to measure the Raman signal of the sample for this purpose; however, if the sample has a small scattering cross-section, this procedure can be very time consuming. In principle, the first TERS spectra can be acquired at this point. Often, it is necessary or helpful to scan the surface one more time for its topography. The spectra can then be acquired in well-defined grids or single-point measurements.
To assure high quality TERS data, additional experiments can be performed. A first experiment would be the collection of tip-surface dependent Raman spectra; the Raman signals from the underlying sample should decrease according to Fig. 3 , however, only if no further ''chemical'' effects play a role in the really close proximity. Such distance-dependence experiments are elaborate and comprise a further risk toward tip contamination and damage. Hence, such experiments will probably not be performed regularly. Frequently, it is just necessary to ensure that the tip was not contaminated during the TERS experiment. Therefore, instead of a full-distance dependence curve, one simply retracts the tip from the surface while maintaining the focus on the tip. Any signals apart from the tip material background are due to contamination. In addition, a straightforward possibility is to detect frequently a TERS spectrum on the bare substrate next to the analyte. Should the spectra remain, the tips can be considered as contaminated. 117 In Fig. 7 , the workflow for the last points of the TERS experiment, described above, is shown.
Applications. The main benefit of TERS is it provides corresponding topography and Raman spectra of nanomaterials with high spatial resolution (down to the subnanometer regime 36, 38 ) and detection sensitivity (down to single molecules). Tip-enhanced Raman spectroscopy has been used to detect a variety of samples, such as organic, inorganic, as well as biological samples, and a few examples will be discussed in the following section.
Tip-Enhanced Raman Spectroscopy (TERS) in Biology. An extensive overview about TERS on biological samples was published recently. 177 With TERS, a great variety of biological materials have been investigated already. Budich et al. 117 and Neugebauer et al. 118, 119 did the first successful TERS measurements of bacteria (Staphylococcus epidermidis). Cialla et al. 126 and Hermann et al. 125 published TERS spectra of single tobacco mosaic viruses and avipoxvirus or adenoassociated virus particles, respectively. Recently, results on an automated TERS-based virus discrimination were published, highlighting a current trend in TERS data treatment. 128 Furthermore, many investigations were made in the field of proteins and deoxyribonucleic acid (DNA) related materials. With TERS, for instance, the surface composition of fibrils can be thoroughly investigated. 21, 129, 131 Interesting insights regarding the DNA or ribonucleic acid (RNA) were possible with TERS, e.g., processes during the formation of so-called DNA double-strand breaks (DSBs), and the first steps for sequencing TERS experiments were published. 108, 109, 111 Also, membrane-related structures were and will be of great interest in several TERS groups. [121] [122] [123] 138, 142, 168, 178 In Fig. 8 , it is shown how TERS was used to resolve different lipid domains in a bilayer.
Tip-Enhanced Raman Spectroscopy (TERS) with Semiconducting Samples. Another field where TERS is useful is related to semiconductor devices, in particular when structural properties of semiconductors in the nanoscale regime are of interest.
Sun and Shen 88 were the first, to our knowledge, using top-illumination TERS for the mapping of SiO 2 patterns on a silicon substrate. The line-to-line distance of the SiO 2 structures was 380 nm. 88 At that early stage of TERS, the authors were able to achieve a spatial resolution of approximately 50 nm.
Tip-enhanced Raman spectroscopy has also been used extensively to obtain structural and molecular insight into carbon nanotubes (CNTs) with high spatial resolution. The diameter and chirality of a single-wall CNT (SWCNT) can be determined by the shift of the radial breathing mode (RBM), whereas the shape of the tangential stretching G band can be used to identify a SWCNT as a semiconductor or metallic type. In 2003, Hartschuh et al. showed for the first time, to our knowledge, TERS Raman images of SWCNTs with spatial resolution better than 30 nm by using a sharp silver tip (see Fig. 9 ). 74, 84 The authors used TERS to characterize SWCNTs and simultaneously acquired topography and TERS spectra for each pixel. Comparing the features in the images, the spatial distribution of the CNTs can be accurately recognized. Since CNTs are very well-defined samples and have a tremendous Raman scattering cross-section, they often are used as model compounds to study properties not only of the compound itself, but also the properties of the TERS tips.
Single-Molecule Tip-Enhanced Raman Spectroscopy (TERS). Tip-enhanced Raman spectroscopy sensitivity at single-molecule level has been observed by several groups. 27, 36, 93, 94 There is plenty of experimental evidence that TERS can be used to detect even single molecules.
One of the first results of ultrahigh vacuum (UHV) single-molecule TERS was reported by Steidtner and Pettinger. The authors used BCB on a Au(111) surface as a sample. They were able to collect TERS signals from one single BCB molecule in good agreement with their estimation based on TERS signals from bulk of 90 and 5 BCB molecules. 25 Zenobi et al. 27 also performed single molecule TERS from BCB in the gap between a silver tip and a planar gold surface. The authors argue that the fluctuations in the intensities and in the line shape of Raman bands indicate that there were only one or a few molecules under the tip. These initial single-molecule studies, however, were based on indirect evidence, such as spectral fluctuations. With TERS, the ability to image a single molecule in addition to collecting its Raman scattering spectrum offers an advantage in proving single-molecule detection.
A very elegant approach to show the single molecule sensitivity of TERS was published by Sonntag et al. The authors measured isotopologues of Rhodamine 6G (R6G-d4 and R6G-d0) and concluded from a band shift around 600 cm À1 that they observed single or few molecules. 43 Very impressive work was published in 2013 by Zhang et al., where the authors showed an imaging of a single porphyrin derivative with STM TERS in UHV and at low temperatures. 36 The authors were able to resolve the ring system with a spatial resolution of about 0.5 nm (see Fig. 10 ).
A similar resolution of , 2 nm has been shown under ambient conditions for protein crystals. 21 This way, a direct proof of single molecules is provided in combination with the lateral resolution and contrast of the method.
SUMMARY AND FUTURE PERSPECTIVE
In the last 15 years, tip-enhanced Raman scattering has emerged to a widely applicable and reliable, labelfree technique for chemical analysis at the nanometer scale. It provides a spatial resolution well below the diffraction limit (5-20 nm), utilizing different surface probe microscopy techniques and LSPR. As presented, almost any imaginable sample surface can be investigated by TERS. There are four main configurations used until now with which mechanistic questions as well as Tip-enhanced Raman spectroscopy spectra differ depending on the tip position: (1) lipid bands were most prominent when the tip was above the lipid domain; (2) protein marker bands were present when the tip scanned over the protein domain; and (3) lipid as well as protein bands are present when the TERS tip was at a transition area.
FIG. 9. Spectra from CNTs with a sharp silver approached (red) and retracted for 2 lm (black). The marked bands (G and G 0 ) were used for imaging a bigger area of nanotubes. Simultaneously, for every image point, topographic as well as spectral information was recorded. Adapted with permission from Ref. 84 questions of application have been answered using the superior specificity and resolution. In principle, the setup requires few, mostly also commercially available, components, know-how about the alignment, and as usual, some experience regarding the techniques is helpful. Manufacturers have already introduced TERS systems. With TERS, EMF enhancements of up to 10 13 were published recently. 43, 58 It is noteworthy that an EM effect and a CE contribute to these enhancement factors.
Even if there are many promising and reproducible results in many different instrumental approaches, TERS is not completely understood yet. Especially the enhancement mechanism is one of the most discussed topics in the field and requires further exploration. In addition, the heart of every TERS experiment-the tipshas developed well but is not fully satisfactory, until now. As mentioned, the synchronization of tip oscillation and detection is a promising way to increase the signal quality.
In the TERS community, three key points are and will be discussed repeatedly: experimental reproducibility, the enhancement mechanism, and pushing the resolution to its limit. In the future, even the sample complexity will increase more and more as the understanding of the TERS mechanism will further proceed. Experiments on short time scales were also performed successfully, which opens a door to the very interesting field of watching, e.g., chemical reactions and biological processes. 28 In addition to other projects, our group is currently working on the elucidation of complex dynamic mechanisms, such as dermal liposome-assisted drug delivery, as well as on the theoretical description of the high spatial resolution in the sub-nanometer regime.
In general, TERS offers a great playground for engineers, chemist, physicists, and biologists with many possibilities to explore the nanocosmos.
